and Korsching, 1997). However, after 48 hr, the EOG amplitude was indistinguishable from that of untreated epithelia (not shown).
Results
We imaged odorant responses from the dorsal olfactory bulb of anesthetized mice 4-8 days after loading.
Olfactory Receptor Neuron Loading and Imaging

Calcium Green dextran loading (adapted from Friedrich
Odorant presentation evoked rapid (200-500 ms rise time) increases in fluorescence of up to 6% ⌬F/F (Figand Korsching, 1997) resulted in olfactory receptor neuron labeling throughout the olfactory epithelium. In ten ures 1C and 1F). Signals were easily detected in single trials. Spatial maps of the response amplitude measured mice, we investigated the time course of transport to the olfactory bulb and the effect of loading on olfactory from each pixel showed well-defined foci of fluorescence increases ( Figures 1D and 1E ), often correspondreceptor neuron responses. Labeling in olfactory receptor axon terminals in the olfactory bulb was evident after ing to individual glomeruli visible from the resting fluorescence ( Figure 1B ). Amplitude profiles through these 24 hr and increased in intensity over the next 48 hr, at which point many glomeruli were strongly labeled glomerular signals were well fit by a Gaussian function with ϭ 38 Ϯ 9 m (mean Ϯ SEM; n ϭ 101), correspond-( Figures 1A and 1B) . Labeling remained strong for at least 8 days, and, in the bulb, was specific to olfactory ing to a full width at half-maximum of 89 m. Diffuse, nonlocalized signals with the same time course as the receptor neurons. The loading procedure caused an immediate decrement in the responsiveness of olfactory odorant-evoked signals were also observed, possibly Figures 1D, 1E , and 1F). With many trials of saturated vapor), odorants activated only a few (1-9) glomeruli. Odorants with different functional groups (Ͼ100) over long time intervals (several hours), the response amplitudes declined but the spatial patterns repreferentially activated glomeruli in different regions of the dorsal bulb ( Figure 2A ). Figure 2B shows locations mained constant.
Previous experiments using this imaging method in of glomeruli activated by odorants from five structural classes, compiled across 12 preparations and aligned the zebrafish and turtle olfactory bulbs showed that Calcium Green fluorescence increases reflect action potenrelative to the intersection of the midline and the caudal sinus. Aliphatic aldehydes and fatty acids preferentially tial-evoked calcium influx into receptor neuron axon terminals (Friedrich and Korsching, 1997; Wachowiak and activated anteromedial glomeruli, while ketones and acetates preferentially activated caudal-lateral glomeruli Cohen, 1999). This signal thus reflects activation of the population of 10-20,000 receptor neurons innervating ( Figure 2B ). Benzaldehyde activated caudal-lateral as well as central and medial glomeruli. Odorants with the each glomerulus.
We imaged odorant-evoked input to dorsal glomeruli same functional group, but different carbon chain length, activated glomeruli in the same region of the bulb, with in 35 olfactory bulbs from 30 mice, using odorants known to activate dorsal glomeruli in rodents (Bozza and Kauer that the fatty acid hexanoic acid evokes input to many and benzaldehyde) and in all preparations. For odorants of the same glomeruli as the aldehydes.
tested at both near-threshold (0.1%-0.4%) and 5-to 10-fold higher concentrations (1%-2% dilution), the mean number of activated glomeruli across the dorsal surface Effect of Concentration on Odorant Representations increased from 6 Ϯ 1 to 19 Ϯ 2 (n ϭ 33 concentration Increasing odorant concentrations moderately above pairs). Hexanal and the ketones 2-butanone and 2-hexathreshold recruited input to many additional glomeruli.
none showed the most recruitment, with the number of For example, Figure 3A shows responses to 0.1% (a glomeruli increasing from 7 Ϯ 1 to 22 Ϯ 3 (n ϭ 10) for near-threshold concentration) and 1.9% hexanal, imhexanal, and from 8 Ϯ 1 to 34 Ϯ 7 (n ϭ 6) for the ketones. aged from the anterior 3/4 of the dorsal bulb at 14ϫ
In some trials, odorants activated as many as 30-60 magnification. There is an approximately 4-fold increase glomeruli. This recruitment was not due to an increase in the number of activated glomeruli, with glomeruli actiin the signal-to-noise ratio of the response because invated across most of the imaged area. Significant recreasing the number of averaged trials from 4 to 32 did cruitment was seen for all odorants tested at suprathreshold concentrations (aldehydes, ketones, acetates, not increase the number of glomeruli apparent at low concentrations. In three preparations, each tested with aligned as described above. Each glomerulus is found within a restricted area. Ease of identification was some-1%-2% dilutions of an aldehyde, an acetate, and a ketone, we counted 67, 68, and 99 distinct activated glowhat dependent on glomerulus location (i.e., glomerulus C was difficult to identify because of its far rostral and meruli. These numbers constitute a substantial fraction of the total number of glomeruli ‫)051ف(‬ estimated to be lateral position, which was often out of focus), but 4 of the 5 glomeruli were identified in the majority of preparapresent in the imaged region.
Intrinsic imaging studies have reported fewer glomertions (see Figure 4 legend). While each glomerulus was identified based on its uli activated by comparable concentrations of the same odorants (Belluscio and Katz, 2001; Meister and Bonresponse to one or, occasionally, two odorants, the response spectrum of each identified glomerulus to a hoeffer, 2001). These studies spatially filtered or thresholded the signal images before counting glomeruli. To panel of additional odorants was consistent across animals. As a partial example, Figure 4C shows the retest whether either kind of processing might affect the number of detected glomeruli, Figure 3B shows the response of glomerulus A to four odorants tested in five animals, with consistent responses to hexanal and hexasponse to 1.9% hexanal (from Figure 3A ) after smoothing with a Gaussian kernel and subtracting the smoothed noic acid, but not to hexyl acetate or 2-hexanone. We determined the relative sensitivity of each glomerulus data (Meister and Bonhoeffer, 2001), and Figure 3C shows the same response after thresholding the data to a panel of 16 odorants by compiling responses across preparations ( Figure 5 ). For each glomerulus, we first at two standard deviations above the mean (Belluscio and Katz, 2001) ( Figure 3C ). High-pass filtering premeasured the response to a near-threshold concentration of the "primary" odorant used to identify that gloserves nearly all of the glomeruli visible in the unfiltered image. However, thresholding the data eliminates many merulus. The relative sensitivity to a "test" odorant was determined by dividing the concentration of the primary of the glomeruli.
Suprathreshold odorant concentrations activated gloodorant by the lowest concentration of the test odorant that evoked a similar amplitude response. For odorants meruli outside of the domains observed at near-threshold concentrations. Figure 3D shows the locations of tested in multiple preparations, the relative sensitivities were averaged; however, this value varied little across glomeruli activated by 1%-2% dilutions of hexanal, hexyl acetate, the ketones 2-butanone and 2-hexanone preparations. Odorants that failed to evoke any response in a glomerulus at the highest concentrations (combined), and benzaldehyde, imaged from multiple preparations and aligned as in Figure 2B . All odorants tested were assigned a relative sensitivity value of Ͻ0.1 (note that this group also includes odorants that did activate glomeruli across much of the dorsal surface. Increasing concentration caused an increase in the activate the glomerulus but at Ͼ10-fold higher concentrations than the primary odorant). number of glomeruli activated by more than one odorant. However, response maps evoked by different odorAll five glomeruli showed complex, but different, relative sensitivity profiles ( Figure 5 ). Glomerulus A was seants remained distinct, even at concentrations 5-to 10-fold higher than those used in Figure 3D . For example, lective for C5-C8 aldehydes, but was equally sensitive to C5 and C6 fatty acids. Glomerulus B was selective Figure 3E shows responses to 2-hexanone, imaged from the caudal 3/4 of the dorsal bulb over a 165-fold concenfor C4-C8 acetates, but was also moderately sensitive to octanal, benzaldehyde, hexanol, and 2-hexanone. In tration range, with many (33) glomeruli activated at 11% dilution. The two glomeruli marked by arrows in Figure  contrast , glomerulus C was not selective for acetate chain length (C3-C8) and was equally sensitive to benz-3E are recruited by 0.25% hexanone ( Figure 3E ), but the structurally similar 2-butanone fails to activate these aldehyde and octanal. Likewise, glomeruli D and E, while both highly sensitive to benzaldehyde, showed strikingly glomeruli ( Figure 3F ) even at 11% dilution, which corresponds to a molar vapor concentration 360 times greater different relative sensitivity profiles. Observations from single preparations are consistent with this result; the than that of 0.25% hexanone. This result was generally true: in all tested cases, response maps evoked by difspecificity of the receptor neuron populations innervating a glomerulus is often complex and not easily preferent odorants remained distinct at all concentrations tested. Thus, odorant representations maintain specificdicted from the chemical structure of a few effective odorants. ity over a large concentration range.
Functional and Topographic Identification
Concentration-Response Functions of Input to Glomeruli of Glomeruli Near-threshold concentrations of some odorants conWe measured response amplitude versus odorant concentration for a variety of odorants, comparing different sistently activated glomeruli in the same location in multiple preparations, suggesting that glomeruli could be glomeruli in the same preparation, as well as comparing input to the same glomerulus evoked by different odoridentified across animals. Five such glomeruli (designated A through E) are shown in Figure 4A . Each of these ants. In total, concentration-response functions were measured for 28 glomeruli (12 preparations) tested with glomeruli were one of only a few glomeruli activated at near-threshold concentrations of a particular odorant at least four concentrations over a range of at least 2 log units. Plotting response amplitude relative to resting (hexanal for glomerulus A; hexyl acetate for glomeruli B and C; benzaldehyde for glomeruli D and E) and each fluorescence (⌬F/F) as a function of concentration revealed that most (23/28) glomeruli showed continuous was often the only glomerulus activated in a particular region. Figure 4B shows the locations of glomeruli A increases over this range, even at odorant dilutions as high as 11% of saturated vapor (5-430 M vapor conthrough E identified in a number of preparations and Figure 6C shows the same responses to 2-hexanone as in Figure 6B , meawhich presumably arises from out-of-focus and/or scattered light, also increased in amplitude with odorant sured relative to background, and shows an apparent saturation in the concentration-response functions of concentration ( Figure 6B) . Thus, the continuous increase in glomerular signal amplitude might in part be some glomeruli. Other glomeruli, however, continue to show increases in response amplitude over the entire due to increases in the background signal associated with increased signals in neighboring glomeruli. We concentration range. In total, 18 of the 28 concentrationresponse functions showed no sign of saturation after therefore also measured response amplitude relative to Responses were normalized to the maximum-amplitude response, and data points above saturation (i.e., response to 430 M butanone) were set to the maximum before fitting. Red curve, fit to the 2-hexanone response; green curve, fit to the 2-butanone response. The gray curve shows the fit to the 2-butanone response using equation (1), but with n constrained to the value determined for the hexanone fit (in this case, n ϭ 1.0). The colored text shows the n value for each fit, Ϯ SEM. The two responses are well fit using the same n value. fied glomerulus B (see Figures 4A and 4B, Figure 5) , the tested over a small part of its dynamic range. Thus, in addition to differences in the concentration-response structurally similar odorants hexyl acetate and isoamyl acetate showed quite distinct concentration-response functions of receptor neuron input to different glomeruli, the concentration dependence of input to the same glofunctions ( Figure 7A ). This glomerulus was consistently more sensitive to hexyl acetate than to isoamyl acetate, merulus can differ for different odorants. but the concentration-response function for isoamyl acetate was steeper. As shown in Figure 7B , the Hill coeffiDiscussion cients determined from fitting the two responses to equation (1) were quite different. The kinetics of activa-
Distributed Odorant Representations
We used in vivo loading of olfactory receptor neurons tion of glomerulus B for these two odorants did not differ. We compared the concentration-response functions of with a calcium-sensitive dye to image odorant representations at the level of receptor neuron input to the mouse glomerulus B for these two odorants in three additional animals. In two of the three, the two responses were olfactory bulb. At near-threshold odorant concentrations, we observed a broad chemotopy in the distribualso poorly fit by a single slope value, with a steeper concentration dependence for isoamyl acetate than for tion of receptor neuron input to the dorsal bulb that was organized according to functional group. Most glomeruli hexyl acetate (n, hexyl acetate ϭ 0.6 Ϯ 0.1 and 0.9 Ϯ 0.2; n, isoamyl acetate ϭ 1.1 Ϯ 0.1 and 1.8 Ϯ 0.6). In activated by aliphatic aldehydes and fatty acids were located anteromedially, while those activated by kethe fourth animal, the two slopes were equal (n ϭ 1.8 Ϯ 0.1 and 1.8 Ϯ 0.7), although hexyl acetate was only tones and acetates were located caudal-laterally. These odorants. These identified glomeruli were not always the glomeruli most sensitive to that odorant, nor were Surprisingly, recruited glomeruli were distributed widely across the dorsal bulb, and in areas well outside they the most strongly activated at higher odorant concentrations-they were simply the most easily isolated. the regions reported to be activated by these odorants using intrinsic imaging or 2-deoxyglucose metabolism However, the ability to identify the same glomerulus in most animals allowed us, for the first time in a vertebrate, ( glomeruli and for different odorants (not shown), in the present study we focused only on the spatial maps of receptor neuron input. To construct the maps, response amplitudes for each pixel were Imaging measured by subtracting the temporal average of a 400 ms time Mice were anesthetized with pentobarbital (50 mg/kg, i.p.), and atrowindow just preceding the stimulus from a 400 ms temporal average pine (5 mg/kg) was injected subcutaneously. A double tracheotomy centered around the peak of the response. The time windows were was performed to allow control of odorant access to the nasal cavity.
the same for all pixels in a given trial. For display, the map of reThe mice breathed freely through the lower tracheotomy tube. Mice sponse amplitudes was smoothed slightly by increasing the pixel were secured in a stereotaxic headholder and the skin overlying the dimensions from 80 ϫ 80 to 160 ϫ 160 and interpolating between dorsal skull retracted. Local anesthetic (1% bipuvicaine) was applied pixels. Response maps were normalized to the maximum signal to all incisions. The bone overlying the olfactory bulbs was thinned amplitude for that trial. Except in Figures 3B and 3C , no spatial and ringers solution and a coverslip were placed over the exposed filtering or background subtraction was performed. area. Body temperature was maintained at 37ЊC. Heart rate was
Response amplitudes for individual glomeruli were measured from maintained at 400-500 bpm by periodic injection of pentobarbital, the maps in two ways: by averaging responses from four adjacent and was additionally stabilized by directing a stream of pure oxygen pixels in the center of the glomerulus, and by measuring the ampliover the lower tracheotomy tube. 
